Non-small cell lung cancer (NSCLC), which is comprised mainly of adenocarcinoma and squamous cell carcinoma (SCC), is the cause of 80% of all lung cancer deaths in the United States. NSCLC is also associated with a high rate of relapse after clinical treatment and, therefore, requires robust prognostic markers to better manage therapy options. The aim of this study was to identify microRNA (miRNA) expression profiles in SCC of the lung that would better predict prognosis. Total RNA from 61 SCC samples and 10 matched normal lung samples was processed for small RNA species and profiled on MirVana miRNA Bioarrays (version 2, Ambion). We identified 15 miRNAs that were differentially expressed between normal lung and SCC, including members of the miR-17-92 cluster and its paralogues. We also identified miRNAs, including miR-155 and let-7, which had previously been shown to have prognostic value in adenocarcinoma. Based on cross-fold validation analyses, miR-146b alone was found to have the strongest prediction accuracy for stratifying prognostic groups at f78%. The miRNA signatures were superior in predicting overall survival than a previously described 50-gene prognostic signature. Whereas there was no overlap between the mRNAs targeted by the prognostic miRNAs and the 50-gene expression signature, there was a significant overlap in the corresponding biological pathways, including fibroblast growth factor and interleukin-6 signaling. Our data indicate that miRNAs may have greater clinical utility in predicting the prognosis of patients with squamous cell lung carcinomas than mRNA-based signatures.
Introduction
Lung cancer is the most common cause of cancer-related deaths worldwide, whereas non-small cell lung cancers (NSCLC) represent the most frequent type of broncogenic carcinomas (1) . NSCLC is the cause of 80% of all lung cancer deaths in the United States and is composed primarily of adenocarcinoma, squamous cell carcinoma (SCC), and to a lesser extent large-cell lung cancer (1) . Despite potentially curative surgery, f40% of patients will relapse within 5 years (2) . Genomic profiling of NSCLC has recently provided insight into predicting the prognosis of patients with this disease (3) (4) (5) (6) (7) (8) . These classifiers can contain up to several hundred genes for the identification of patients with early-stage NSCLC, who might benefit from chemotherapy in addition to surgical resection. Recently, a five-gene signature was reported for predicting survival of patients with NSCLC (9) . This classifier can be assessed on a reverse transcription-PCR (RT-PCR)-based platform and could lead to a more immediate clinical adoption compared with microarray-based diagnostics.
A complementary approach to performing gene expression profiling in NSCLC is to analyze microRNA (miRNA) expression signatures. miRNAs are short noncoding RNAs that control protein expression through several mechanisms (10) . Their altered expression has been shown to be associated with various cancers, including NSCLC (11) (12) (13) (14) (15) . MiR-155 and let-7 miRNAs have been shown to predict prognosis in lung adenocarcinoma (12, 14) . Functional analysis of the let-7 miRNA indicates that it directly regulates RAS and HMGA2, both of which act as oncogenes in many cancers (16, 17) . In addition, Yu and colleagues have recently described a 5-miRNA classifier for predicting survival in NSCLC (18) . It has been predicted that any one miRNA has the potential to regulate the activity of hundreds of downstream targets (19) . Therefore, aberrant expression of a small number of miRNAs can have a potentially dramatic effect on normal cellular activity.
In this report, we describe the miRNA expression profiles of a subset of previously characterized lung SCC and matched normal lung tissue (5) . Using the Ambion mirVana Bioarray platform, miRNAs that are differentially expressed in lung SCC were identified, in addition to miRNAs that were significantly associated with prognosis. MiR-146b was the most robust predictor of overall survival and was further validated by ABI Taqman assays. We also validate the prognostic utility of miR-155 in SCC. The predictive accuracy of the miRNAs was superior to our previously identified 50-gene mRNA prognostic signature. Bioinformatic analyses showed that there was no significant intersection of the predicted miRNA targets and our previously reported 50-gene prognostic signature (5); however, both data sets enrich for the same signaling pathways. Due to the relatively stable nature of miRNAs and the requirement of fewer analytes in the classifier, we suggest that testing for miR-146b expression may provide an improved method for predicting prognosis in squamous cell lung cancer patients over current approaches.
Materials and Methods
Clinical samples. In total, 61 snap-frozen lung SCC and 10 matched normal adjacent lung tissue samples were evaluated for miRNA expression. These samples were collected from patients from University of Michigan Hospital between October 1991 and July 2002 with patient consent and institutional review board approval. Samples chosen for analysis contained >70% tumor cells. Of the 61 tumor samples, 57 had sufficient follow-up clinical information and were used for prognostic analysis (Table 1) . Fiftyfour of the 57 were previously profiled using the Affymetrix U133A GeneChip (GSE4573; ref. 5) .
Ambion miRNA expression profiling. The mirVana Bioarray (Ambion, version 2) that contains 328 human miRNA probes was used to identify lung SCC miRNA signatures. Total RNA was isolated using Trizol. miRNA was isolated from 4 Ag of total RNA using the mirVana isolation kit (Ambion). All samples were then fractionated by PAGE (Flash-Page Ambion), and small RNAs (<40 nt) were recovered by ethanol precipitation with linear acrylamide. Quantitative RT-PCR (qPCR) of miR-16 was used to confirm miRNA enrichment before miRNA array analysis. If the C t value of miR-16 was >25, then the miRNA isolation was considered a failure. Mir-16 was chosen as a positive control for miRNA enrichment, because it is highly expressed across many tissue types including lung cancer.
The small RNA samples were subject to poly(A) polymerase reaction, wherein amine modified uridines were incorporated (Ambion). The tailed samples were then fluorescently labeled using the amine-reactive Cy3 (Invitrogen). The fluorescently labeled RNAs were purified using a glass fiber filter and eluted (Ambion). Each sample was then hybridized to the Bioarray slides for 14 h at 42jC (Ambion). The arrays were washed and scanned using an Agilent 2505B confocol laser microarray scanner (Agilent), and data were obtained using the Expression Analysis software (Codelink, version 4.2).
miRNA quantitative PCR. Quantitative RT-PCR (qPCR) was done using the ABI miRNA Taqman reagents to verify miRNA expression profiles (20) . Ten nanograms (1 ng/AL) of total RNA were converted to cDNA using the high-capacity DNA archive kit and 3 AL of 5Â RT primer according to the manufacturer's instructions (Ambion). The 15-AL reactions were incubated in a thermocycler for 30 min at 16jC, 30 min at 42jC, and 5 min at 85jC and held at 4jC. All reverse transcriptase reactions included no template controls. qPCR was done using a standard Taqman PCR kit protocol on an Applied Biosystems 7900HT Sequence Detection System. The 10-AL PCR reaction included 0.66 AL RT product, 1 AL Taqman miRNA assay primer and probe mix, 5 AL Taqman 2Â Universal PCR master mix (No Amperase UNG), and 3.34 AL water. The reactions were incubated in a 384-well plate at 95jC for 10 min, followed by 40 cycles of 95jC for 15 s, and 60jC for 2 min. All qPCR reactions included no cDNA control, and all reactions were done in triplicate.
miRNA statistical analyses. miRNA probe outliers were defined as per the manufacturer's instructions (Ambion). Probes flagged by the Expression Analysis software were first removed, and background median values were subtracted from the spot mean. Outlier samples were identified and removed if the number of flagged probes was less than the mean minus the SD of flagged probes per chip. Spot intensity values below zero were set to 0.5, and the data were then quantile normalized. A background cutoff of 6 (log 2 normalized) was identified by plotting the correlations of replicate probes across all samples versus the median of median intensities. Therefore, miRNAs were removed from further analyses if the normalized signal intensity was <6 in either comparison group. This cutoff was chosen because the correlation of replicate probes dropped precipitously below this value ( Supplementary Fig. S1 ).
Survival analysis was done using the significance of microarray analysis (SAM) algorithm using the two-class comparison (unpaired) option, as previously described (21) . miRNAs were selected as being significantly associated with overall survival if the P value was <0.05 and the area under the curve (AUC) from a receiver operator characteristic analysis was >0.65 using a 3-y cutoff. A maximum of 3 y of follow-up was used because the majority of the patients who will relapse in this population will do so within 3 y (22) . Also many of these patients were aged, and death due to non-cancerrelated illnesses would likely increase after 3 y (22) . To determine the minimum number of miRNAs used to construct a prognostic classifier, combinations of miRNAs were tested by adding one miRNA at a time according to their rank. For each signature with increasing number of genes, receiver operating characteristic analysis, using death within 3 y as the defining point, was done in a hundred of 5-fold cross-validations to calculate the average AUC.
Cox score was used to determine each patient's risk of survival. This is defined as the sum of the linear combination of weighed log 2 expression intensity with the average standardized Cox regression coefficient from 400 bootstrapping samples as the weight. The threshold for risk stratification was determined in another hundred of 5-fold cross-validations to test a series of cutoffs (percentile of risk index for the patients in the training set), and the optimal cutoff was chosen to give the minimum overall error rate. Patients whose scores were z0 were classified in the high risk of survival group, whereas patients whose scores were <0 were predicted as the low risk of survival group. Kaplan-Meier survival plots and log-rank tests were used to assess the differences in survival of the predicted high-risk and lowrisk groups. Patients were censored from statistical analysis if they were alive but had <3 y of clinical follow up. Sensitivity was defined as the percentage of the patients who died within 3 y, which were predicted correctly by the gene expression signature, and specificity was defined as the percentage of the patients who survived for at least 3 y, which was predicted correctly by the classifier. All the statistical analyses were done using S-Plus 6 software (Insightful). Kaplan-Meier plots were generated using GraphPad Prism (GraphPad Software, Inc., version 4.03).
Pathway analysis. Pathway analysis was undertaken as described previously (23) . miRNA prediction analysis was done using the open access software tool MAMI, 4 which is a combination of several prediction algorithms. Except for miR-146b, all target predictions using MAMI were undertaken using 0.68 sensitivity and 0.5 specificity (the reported levels of sensitivity and specificity were calculated on a set of in vivo validated miRNA/target pairs). For miR-146b, sensitivity and specificity of 0.91 and 0.22 were used, respectively. To exclude genes that were identified simply by chance, a statistical procedure known as gene set enrichment was undertaken. To this end, the functional annotation of Gene Ontology (GO) biological process terms level 5 was done using the open access software DAVID (24) . The Fisher exact test was used to select pathways that were significantly enriched with miRNA targets (25) . To further evaluate the specific functional profiles of genes from the broad GO categories that are targeted by miRNAs, a more detailed functional analysis using Ingenuity Pathway Analysis (IPA 5.0 Ingenuity System) was done. The set of pathways were also compared with the reference set of genes that are associated to lung cancer (565 genes; Supplementary Table S1 ). Fisher exact test was used to select pathways that were significantly enriched with miRNA targets. Finally, pathways that were significantly enriched using the Affymetrix gene set were compared with pathways that were significantly enriched with miRNAs associated with prognosis.
Results
Identification of miRNAs differentially expressed in lung SCC. We initially profiled 61 lung SCC and 10 matched adjacent normal lung tissue samples using the Ambion mirVana Bioarray (v2) that contains 328 human miRNA probes ( from Version 8.0 of miRBase Sequence Database). A total of 15 unique miRNAs were differentially expressed in SCC ( Table 2 ). The majority of these were more highly expressed in tumors including members of the miR-17-92 cluster and its paralogue clusters miR-106a-363 and miR-93-106b, which have previously been identified as oncogenic in lung and other cancer types (26) (27) (28) (29) (30) (31) (32) . Other miRNAs up-regulated in lung SCC included the miR-182-183 cluster, whereas the only down-regulated miRNAs were from the miR-125a-let7e cluster ( Supplementary  Fig. S2 ).
Identification of miRNAs associated with lung SCC patient outcome. We next identified miRNAs that were associated with prognosis in 54 lung SCC samples using the SAM survival algorithm. A total of 20 miRNAs were identified as having a significant association with overall survival (Table 3) . Using a 5-fold cross-validation, it was found that the highest mean value for predicting overall survival Fig. S3 ). The predictive accuracy dropped but stabilized at f68% when three or more miRNAs were added to miR-146b in a linear fashion. When the median expression of miR-146b was used to stratify patients, the group with high miR-146b expression had significantly worse overall survival (26 months) compared with the low miR-146b group (95 months). The associated hazard ratio (HR) was 2.7 [95% confidence interval (CI) 1.4-5.7, log-rank P = 0.0035; Fig. 1A MiR-155, which has previously been shown to predict prognosis in lung adenocarcinoma, was also associated with overall survival in lung SCC (HR 2.3, CI 1.0-5.6, P = 0.06; Fig.1B) . Expression of miR-146b and miR-155 by qPCR significantly correlated with expression identified using the Ambion array (R = 0.65-0.72, P < 0.001; Fig. 1 ).
Pathway analysis of lung SCC miRNAs. We next used a bioinformatic approach to investigate what signaling processes were associated with miRNA dysregulation in lung SCC. To this end, a total of 2282 target genes were predicted from the 15 miRNAs identified between normal lung and lung SCC. Of these, 1,286 genes were determined by GO enrichment analysis to be associated with 40 known signaling pathways (Supplementary Table S2 ). We also compared these sets of pathways with a reference set of genes that have been characterized in lung cancer. All 40 pathways were significantly associated with genes known to be involved in lung cancer signaling processes. The top processes included extracellular signal-regulated kinase/mitogen-activated protein kinase (MAPK) signaling and axonal guidance. Pathway analysis of prognostic miRNAs. We next extended this approach to the 20 prognostic miRNAs, which were predicted to target 1408 genes. Four hundred fifty-seven of these genes were associated with 54 signaling pathways based on GO analysis (Supplementary Table S3 ). Each of these pathways was also significantly associated with genes known to be associated with lung cancer pathogenesis. The top signaling pathways associated with the prognostic miRNAs included B-cell receptor and WNT/ h-catenin signaling pathways, which are also present in the top 5 pathways associated with lung SCC miRNAs defined above. The top prognostic miRNA, miR-146b, was predicted to target a total of 195 genes. Of these, 103 genes were associated with eight known signaling pathways, five of which intersected with the top 20 prognostic miRNA targeted pathways (Table 4) .
Comparison of pathways associated with miRNA and mRNA prognostic signatures. We previously identified a set of 50 genes associated with prognosis in the same sample set, using the Affymetrix U133A gene chips (5) . There was no significant overlap between these 50 genes and the predicted targets of the 20 prognostic miRNAs. With the availability of a matched mRNA/miRNA data set, we then investigated the correlations between miRNAs and predicted target gene expression. Whereas there were no significant correlations between the expression of any one miRNA and all genes measured on the Affymetrix microarray, there were shifts toward a negative correlation for a subset of miRNAs (such as miR-I55) when only the predicted mRNA targets were analyzed (Fig. 2) . This negative shift would be expected if the miRNAs were reducing the steady-state level of targeted mRNAs. However, not all miRNAs exhibited this shift (such as miR-146b), indicating that different miRNAs exhibit different mechanisms of action, such as translational repression, which would not affect the steady-state mRNA levels.
We next investigated whether there were any common biological pathways between the mRNA signature and miRNAs defined in the current study. In total, seven pathways were identified using the Affymetix gene set (Supplementary Table S4 ). All of these were significantly associated with genes associated with lung cancer based on the Ingenuity Pathway analysis tool. Six of the seven pathways identified using the 50-gene data set were also identified in the miRNA data set (Supplementary Tables S2 and S4 ), indicating that both the prognostic mRNAs and miRNAs are involved in the same biological processes. These processes included fibroblast growth factor (FGF) and interleukin-6 (IL-6) signaling pathways.
Discussion
We have profiled global miRNA expression in the largest set of lung SCC samples to date. As expected, members of the miR-17-92 cluster were highly expressed in lung SCC. The miR-17-92 cluster has been found to be overexpressed in cancers, including lung cancer, and has been implicated as an oncogene (oncoMir; refs. 26, 27, 32) . MiR-106a, miR-20b, miR-93, and miR-106b, which are paralogues of the miR-17-92 cluster, were also highly expressed in lung SCC and have been previously found to be up-regulated in leukemias and associated with oncogenesis (33, 34) . In addition, we found let-7e (and its cluster member miR-125a) to be lowly expressed in lung SCC, which is consistent with previous reports (14, 16, 17, 35) .
We compared our results with that of Yanahaira and colleagues, who profiled miRNA expression in NSCLC samples using an alternative array containing 190 human miRNAs (12) . They found 16 miRNAs differentially expressed between 39 SCC and 39 matched normal lung tissues. Five of the 16 miRNAs were in common between their data set and ours with four of the five (miR-210, miR-203, miR-125a, and miR-106a) showing the same direction of differential expression (12) . Yanahaira and colleagues further showed that high miR-155 and low let7a expression were associated with poor prognosis in lung adenocarcinoma. We also found that high miR-155 expression was associated with poor outcome in lung SCC. Therefore, miR-155 seems to be a valid marker of survival in both lung adenocarcinoma and SCC. We were unable to test the miRNAs identified in our study using the Yanahaira data set because their clinical outcome data are not publicly available.
We identified a total of 20 miRNAs that were associated with overall survival in patients with lung SCC. In addition to miR-155, we found several other miRNAs that have also been associated with prognosis in a variety of cancers, including miR-21 in NSCLC, colorectal, pancreatic, and breast cancer, miR-191 in acute myeloid leukemia and miR-15a in chromic lymphocytic leukemia (12, (36) (37) (38) (39) (40) (41) . However, the most robust classifier for predicting prognosis in lung SCC was miR-146b alone. MiR-146b has recently been shown to be associated with thyroid cancer (42, 43) ; however, it has not been previously shown to be associated with clinical outcome in any cancer setting. Lindsay and colleagues have described the upregulation of miR-146b in response to lipopolysaccharide using the lung adenocarcinoma A549 cell line model (44) . In addition, miR146b expression is induced by lipopolysaccharide in primary macrophages, which are the primary immune surveillance cells in the lung (45) . Because it has been found that miRNAs can be actively transported out of the cell via the exosome (46, 47) and that chronic inflammation can lead to lung cancer (48) , it is interesting to speculate whether an inflammatory microenvironment leads to the interstitial transport of miR-146b and other miRNAs from alveolar macrophages into lung epithelial cells, which could eventually lead to the initiation of tumor pathogenesis. This hypothesis remains to be tested. Yu and colleagues recently described a 5-miRNA prognostic signature for NSCLC (18) . However, this classifier did not significantly stratify patient outcome in our data set (data not shown). Importantly, their training data set only consisted of 10 lung SCC samples and was assayed using Taqman qPCR assays that were normalized to U6 RNA. Interestingly, we found that U6 RNA may not be the optimal normalization control in our lung cancer data set because there was a significant association with survival (data not shown). Others have also shown that U6 may not be an appropriate normalization control for miRNA profiling (49) . Because Yu and colleagues have only provided U6-normalized data in the public databases, we did not attempt to test our signatures in their data set.
We have previously described a 50-gene signature that predicts prognosis in lung SCC. Interestingly, when the Affymetrix mRNA data from the samples from the current study were interrogated, no significant stratification of prognostic groups could be found when 20 genes or less were used in the classifier (data not shown; ref. 5). However, the miRNAs provided stable predictive utility at 68% when the classifier contained four or more miRNAs. Moreover, miR-146b alone provided the best predictive accuracy at 78%. This indicated that the miRNA signature was more informative than the gene expression-based predictive classifier. This is likely due, in large part, to miRNAs being upstream regulators of gene expression and that they have hundreds of downstream targets (50) . Furthermore, miRNAs are more stable than mRNA, which has enabled them to be readily detected in clinically relevant specimens, such as formalin-fixed paraffin-embedded tissue, and in cell-free plasma or serum (51, 52) . Examination of the biological pathways targeted by the prognostic miRNAs indicated that there were seven major signaling processes associated with the clinical outcome of lung SCC. Although there was no significant overlap between the 50 genes and the predicted targets of the 20 prognostic miRNAs, six of the seven pathways were in common. These included chemokine signaling, IL-6, and FGF pathways. We previously showed that downregulation of FGFR2 is associated with poor overall survival in the same set of lung SCC tumors (5) . Therefore, two separate sets of genomic data have identified the same biological pathways as being associated with clinical outcome in this disease. The lack of common genes between the 50-gene signature and the 20 prognostic miRNA targets may, in part, be explained if the miRNAs are predominantly functioning through a translational repression mechanism. This may be the case because the correlation analysis indicated that the majority of miRNAs are not affecting the steady-state level of their target mRNAs.
In summary, we have shown that distinct miRNA profiles exist in lung SCC compared with normal lung tissue and that miRNA-based classifiers may be robust predictors of prognosis in this disease. The biological pathways that are targeted by these miRNAs are similar to those enriched by independent prognostic gene expression signatures. MiR-146b alone was the most robust predictor of overall survival. These miRNAs may provide a unique method for diagnosing and predicting prognosis in lung cancer, in addition to providing novel targets for developing therapeutic options in this disease.
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